Abstract-Network coding (NC) has been proved as an effective way to improve the throughput and power efficiency of wireless networks by combining multiple incoming packets into a single one before forwarding. However, packets need to wait for its correspondences before coding, which may induce additional delay and packet loss. Moreover, if different flows have unequal data arriving rates at the coding node, the performance will be worse. Considering the diversity of traffic flows and the stochastic nature of the packet arrival process in wireless networks, we propose extended network coding schemes on the basis of the Probabilistic Network Coding with Priority (PNCP) method. The coding node can transmit either network-coded or un-coded packets which are determined by data arrival rates and queue state. Finally, we show the effectiveness of the proposed methods through simulations.
I. INTRODUCTION AND RELATED WORK

A. Overview
In recent years, network coding (NC) has emerged as a new coding paradigm for achieving the maximum-flow multicasting of wired networks [1] and has been proven to be very effective for improving the performance of wireless networks, especially the throughput and power consumption [2] . Its basic principle is to transmit multiple packets with a single transmission at the same time. Recently, some works [3] theoretically study the network coding efficiency in multi-hop wireless networks, others have been focusing on the benefit of information exchange and enhancing the performance of wireless networks with stationary traffic flows [4] .
However, the essential fact of NC is that the increase of throughput consumes the finite buffer of coding node and induces additional delay when packets waiting for being coded with others. Moreover, if different flows have unequal data arriving rates, some packets of a flow with higher rate don't have correspondences for NC at all. Therefore, the implement of NC everywhere and every time is non-optimal and unrealistic for various situations. We consider that there are two key problems of network coding in wireless networks: "whether coding" and "how coding". In this paper we present extended NC schemes based on Probabilistic Network Coding with Priority (PNCP) [5] to solve the problem "whether coding". The proposed scheme can provide low delay and packet loss especially for unequal arriving processes. For the problem "how coding", we follow the simple one-hop XOR coding as in COPE [6] .
B. Related Work
We briefly review some related work of NC in wireless networks. S. Katti [6] presents an opportunistic approach to network coding and applies the first implementation of network coding in the wireless environment. In [7] , authors point out that the coding performance is closely related to the buffer status of the coding node. An opportunistic scheduling strategy to control the queue sizes and waiting delay for Poisson arriving processes is proposed in [8] . In [9] , some optimization trade-offs among throughput, energy cost and delay in network coding are studied. Authors of [10] introduce an opportunistic scheduling, which selects a set of nodes whose packets are network-coded as well as the data rate for the broadcast transmission according to the instantaneous link conditions. In [11] , authors investigate the optimal queuing and scheduling strategy and study the tradeoff between delay and efficiency for both uniform and random arriving processes.
Our work builds on recent work in [12] that considered delay and packet loss rate for the first time when all packets are required to be network-coded. In particular, [12] proposed that the stochastic nature of the packet arrival process and the capacity of the buffer should be taken into account. However, it neither realizes the diversity of data arriving rates nor clearly points out the transmission probability related to the buffer state. In this paper, we build on this idea based on our previous PNCP method [5] , and propose extended network coding schemes for a more practical and general scenario over wireless networks.
C. Our Contribution
This paper presents two extended scheduling strategies PNCP-D and PNCP-E for wireless network coding with unequal data arriving rates. The key idea of PNCP is that the relay node probably transmits a raw packet without NC and the probability is mainly determined by queue length [5] . PNCP-D is the extension of PNCP with certain delay control and is efficient in reducing average delay. PNCP-E estimates the arriving time of the next correspondence for NC, and makes the appropriate decision. The simulation results show that our schemes perform well exploiting opportunistic scheduling and provide lower delay and more appropriate coding than conventional NC method. We also analyze some factors that influence the performance, such as data arriving rates and the threshold time of delay.
The rest of the paper is organized as follows. The system model and some important notations are given in Section II. Section III proposes the detailed description of the extended network coding scheme. Section IV presents the performance evaluation and effectiveness by simulations. Finally, this paper is concluded in Section V.
II. SYSTEM MODEL
The "X" network composed of two s-d pairs and a relay r to describe NC is shown in Figure 1 . Node r encodes packets 1 A We follow the assumption mentioned in [12] that the relay node r that performs network coding, adopts TDD mode and employs a finite buffer, which can hold at most K packets. For convenience, all packets are assumed to have the same length. [ 
The data arriving model of node r's buffer for network coding is shown in Figure 2 [11] . The packets of two flows arrive independently without synchronization. The packet arrival process is described by a Bernoulli process 
III. DESCRIPTION OF EXTENDED PNCP MECHANISM FOR UNEQUAL ARRIVING RATES
In this section we describe how extended PNCP operates in the network described in Figure 1 in details. As mentioned in Section II, the relay node keeps different queues in its buffer for different flows. The perfect situation is that the two flows have equal arriving rates and the corresponding packets of them arrive simultaneously, then no one needs to wait and every packet can perform network coding. However, this rarely happens in practice. Generally, the flows have unequal arriving rates, and there are some gaps among the packet arriving moments, as shown in Figure 2 . Thus a packet is required to wait to be network-coded with other packets, which will induce additional delay and packet loss.
A. Main Idea of PNCP
Our previous work PNCP [5] focuses on the problem with the stochastic nature of the packet arrival process and points out that there is a tradeoff between the NC efficiency and delay. The principle of PNCP is that if the relay's buffer consists of packets from two different sources, it will perform NC and transmit a XOR-ed packet. Otherwise, it will transmit an un-coded packet with probability. The probability of transmitting a raw m A packet is determined as:
where 0 1    , and the probability of transmitting an un-coded n B packet is determined by: with queue i's length. The longer the queue is, the higher the probability is.
Consider the buffer state  
the end of the (n-1)th timeslot. The relay will transmit a network-coded packet if it has received a packet from 2 s in the nth timeslot. Otherwise, it will transmit an uncoded packet with probability
. This can be described as follows.
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The term w.p. means "with probability" is this paper.
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The steady state probability
Hence, the packet loss rate of PNCP is given by:
The average delay of PNCP is given by:
The simulation results in [5] demonstrate the validity of theoretical analysis and show that PNCP can serve different flows with the stochastic nature of the packet arrival process as long as we choose the appropriate value of parameter  and  . As space is limited, the mathematical proof is omitted. For more details, please refer to [5] .
B. Description of PNCP-D
PNCP handles the problem that packets rarely arrive at the relay node simultaneously with equal arriving rates. The diversity of traffic arrival rate should be also considered.
For incoming flows with unequal data rates, not all packets have the chance of network coding. In Figure 2  , forward h B without NC. The principle of PNCP is opportunistically transmitting a raw packet or a coded packet based on the queue length. However, when packets arrive with unequal rates, the delay of a packet may be large. Therefore, PNCP-D combines the Queue-length based method with the Delay based one to make improvement. If the waiting time of a packet is larger than a threshold value 0  , then the packet is forwarded without coding immediately. In this way, the delay can be accurately controlled.
In stead of maintaining a clock for every packet, we only record the waiting time of the head packet in each queue for simplicity. The value of parameter 0  is also falls in our interest, and it will be investigated in the next section.
C. Description of PNCP-E
In Figure 2 , when n B arrivers node r at the time 2 n t , it estimates how long will it wait for A  and n B is the best choice which achieves the minimum delay and keeps the predominance of NC. The similar approach has been mentioned in [11] , but it aims to calculate the theoretical value of delay and doesn't give the specific description of how to estimate a packet's arriving time. According to this principle, our algorithm is described as follows: Algorithm 2: PNCP with estimation (PNCP-E) When a packet k A of flow 1 arrives:
q k  , encode the two packet and forward;  Otherwise, put k A to the buffer. B without NC. In summary, the extended schemes of PNCP have two main ways. First, PNCP-D accurately controls the packet delay by defining a threshold of waiting time. Second, PNCP-E solves the problem whether staying in buffer to each packet and definitely defines the condition of transmitting a raw packet. With PNCP-D and PNCP-E, the relay can help improve throughput without bringing additional packet loss and delay.
IV. PERFORMANCE EVALUATION
In this section, sample simulations are presented to evaluate the performance of the proposed methods via OMNet++ 3.3 [13] . We compare PNCP-D, PNCP-E and PNCP with COPE using the performance metrics of coding opportunities, packet loss rate and average delay.
Suppose there is no error in the wireless link, any packet loss and delay are considered to be the result of packets queuing in the relay's finite buffer. Assume that the maximal relay buffer space is We change the transmission rate of node 1 s , 2 s and measure the performance of NC schemes with unequal data arriving rates. Because it is an ideal network, the node transmission rate is equivalent to the packet arrival rate of queue 1 and queue 2 in node r. To simulate various traffic models, we consider different pairs of 1  and 2  : 1  ranges from 0.1 packets/s to 0.5 packets/s, while 2  varies from 0.9 packets/s to 0.6 packets/s.
We first observe the packet loss rate caused by the five NC schemes with different traffic arrival rates. PNCP-D1 means the time threshold 0 1   , and PNCP-D2 denotes 0 2   . Comparing the four PNCP methods to COPE, very explicit advantages can be concluded. Figure 4 shows that PNCPs keep the packet loss of queue 1 about 0 in the whole traffic models, while the results of COPE rise with the increase of 1  . Figure 5 presents the packet loss of queue 2. COPE performs significantly worse than others, and PNCP-D1 has the best performance thanks to shortening the buffering time of packets. Combined Figure 4 with Figure 5 , the results demonstrate that COPE is weak to handle traffic diversity, while PNCP-D1, PNCP-D2 and PNCP-E have better performance than original PNCP. Figure 7 give the comparisons about average delay of each queue. The results confirm that the extended PNCP methods yield significant improvement. In Figure 6 , the delay of the five schemes is maintained below 0.8 seconds, where is no significant difference. On the contrary, Figure 7 shows that even in the best case, average delay of COPE is above 3 seconds, and the difference of traffic arrival rates affects the performance severely. The results of Figure 6 and Figure 7 also demonstrate that the delay of PNCP's extensions is less than original PNCP and rarely affected by the traffic arrival rates, where PNCP-D1 outperforms the other schemes once more. Therefore, we come to the conclusion that the most appropriate value of parameter 0  in PNCP-D scheme is 0 1   . Figure 8 and Figure 9 show the coding percentage of each scheme. Obviously, COPE has the most of coding opportunities because every packet will be buffered for NC, and the coding percentage of PNCPs is always slightly lower than COPE. In Figure 8 , PNCPs can constantly keep the coding percentage above 80%, and in Figure 9 , the difference between COPE and PNCPs is even smaller. Therefore, extended PNCP methods achieve better performance in terms of delay and packet loss by appropriately giving up few coding opportunities within an acceptable range. In this paper, we propose extended network coding schemes PNCP-D and PNCP-E for wireless networks with unequal data arriving rates. We design the two methods by using delay control and estimating the arriving time of correspondences. Through a detailed simulation study, we compare our proposed schemes with conventional network coding scheme COPE and our previous PNCP method, then come to the conclusion that PNCP-D and PNCP-E greatly reduce the packet loss rate and average delay without degrading the predominance of traditionally network coding. Our future work is to improve PNCPs for complicated environments and investigate its performance in real wireless networks based on actual hardware measurements.
